Object. The authors conducted a study to assess the safety and efficacy of microsurgical resection of arteriovenous malformations (AVMs) and determine predictors of complications.
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C erebral arteriovenous malformations (AVMs) are vascular lesions composed of tortuous arteries and veins without intervening capillaries. It has been estimated that AVMs are found in approximately 0.1% of the US population and are responsible for approximately 2% of all hemorrhagic strokes. 2, 5 AVMs have an annual risk of intracerebral hemorrhage that varies anywhere from 1% to 25%. 2, 5, 15 While cerebral AVMs are a relatively infrequent cause of stroke overall, they make up a particularly high percentage of hemorrhagic strokes in patients younger than 40 years. 27 When symptomatic, AVMs typically present before the age of 40 years, with the most common clinical presentation being intraparenchymal hemorrhage. Meyer and colleagues 16 have shown that cerebrovascular adaptation by capillary recruitment keeps cerebral blood flow at normal levels in the majority of cases and that chronic noninfarctional cerebral hypoperfusion is eventually the equivalent of physiological steal around AVMs, 16 which can result in another common clinical presentation, seizures. Also, due to the high risk of rupture in select AVM patients, intervention is an appropriate option. 10, 29 Prior to the era of microsurgical techniques, AVM resection was associated with significant morbidity and mortality. Complete cure of AVMs is an outcome that has become much more attainable over the past decades. Microsurgical excision remains the best option in select patients due to the lack of a latency period for hemorrhage and low risk of future recurrence. 7, 22, 30 Investigators in the recently published ARUBA (A Randomized Trial of Unruptured Brain Arteriovenous Malformations) trial 17 concluded that medical management of AVMs is superior to intervention. Since a mere 5 patients in the treatment arm received open surgery-the only curative treatment Microsurgery for cerebral arteriovenous malformations: postoperative outcomes and predictors of complications in 264 cases for AVMs-it is questionable whether one can draw any meaningful conclusions from the results of the ARUBA trial, which was stopped prematurely after a safety analysis. However, microsurgical outcomes are arguably one of the biggest aspects lacking from the ARUBA trial. 17 The series presented here is a cohort of AVM patients, who were treated surgically at a single institution over the past 2 decades, among a larger number of patients who received varied treatments. The aim of this study was to reaffirm the safety and efficacy of microsurgical resection of cerebral AVMs in the wake of the highly criticized findings of the ARUBA trial. We also determined predictors of postoperative complications.
Methods
Patient Selection and Characteristics
Institutional review board approval was obtained prior to data collection. We searched our prospectively maintained database for all patients with AVMs who underwent microsurgical resection at our institution between 1994 and 2010. A total of 264 patients were identified and constituted our study population. During the same period of time, 774 patients with cerebral AVMs were treated at our institution. Medical charts, imaging studies, and follow-up notes were reviewed to determine initial hemorrhage, clinical presentation, treatment modalities, clinical outcomes, and obliteration rates. A Spetzler-Martin (SM) grade was assigned and documented by the attending neurosurgeon based on imaging findings.
Outcome Measures
All patients underwent a neurological examination that was documented by a physician on the neurosurgical team both preoperatively and each postoperative day until discharge from the hospital. Neurological outcomes are stratified according to the modified Rankin Scale (mRS) score, which was determined based on documented clinical findings upon arrival at the hospital and at the time of hospital discharge.
Surgical Techniques
For each patient, the process of selecting the best therapy included case review and treatment by a doctor trained in microsurgery, endovascular therapy, and radiosurgery. A treatment decision was reached based on both physician recommendations and patient preference, with the ultimate goal of permanently eliminating the AVM and preserving full neurological function and/or reversing deficits. Assessment of AVM obliteration was determined by intraoperative angiography.
A portion of patients received endovascular embolization prior to microsurgery. This procedure was performed via the transfemoral approach under monitored anesthetic care. The biological agents used were N-butyl-2-cyanoacrylate (Codman Neurovascular) or Onyx (eV3). Each embolization procedure was performed with the intention of reducing blood flow to the AVM incrementally over time. Some patients received this procedure as a preoperative measure. However, for other patients, it was not until serial embolizations and the appropriate followup angiograms were obtained that the neurosurgeon was able to determine that the AVM had indeed become amenable to microsurgery.
Statistical Analysis
Data are presented as mean and range for continuous variables and as frequency for categorical variables. Analysis was carried out using unpaired t-tests, Chisquare, and Fisher's exact tests, as appropriate. Assessment of means of more than 2 groups was carried out by ANOVA with post hoc analysis with Bonferroni correction as appropriate. Univariate analysis was used to test covariates predictive of perioperative complications. Interaction and confounding were assessed through stratification and relevant expansion covariates. Factors predictive in univariate analysis (p < 0.15) 1 were entered into a multivariate logistic regression analysis. Any p values of ≤ 0.05 were considered statistically significant. Statistical analysis was carried out with Stata 10.0.
Results
Of the 264 patients included in the study, 120 (45%) had an initial hemorrhagic presentation (Table 1) . According to the SM grading scale for AVMs ( Fig. 1 and Table 2 ), there were 27 SM Grade I lesions (10.2%), 101 Grade II lesions (38.3%), 96 Grade III lesions (36.4%), 31 Grade IV lesions (11.7%), and 9 Grade V lesions (3.4%).
Among the 264 patients, 102 (38.6%) had undergone prior endovascular embolization at our institution. The number of presurgical embolization sessions was 6 in 1 patient, 5 in 1 patient, 44 in 4 patients, 3 in 10 patients, 2 in 19 patients, and 1 in 67 patients. Additionally, 12 patients had a single Gamma Knife radiation procedure prior to surgery and 4 patients had a 2-stage treatment of Gamma Knife surgery. A total of 10 patients were treated with a combination of all treatment modalities.
Microsurgery resulted in permanent neurological deficits in 5 patients (1.9%) and death in 7 patients (2.7%). Permanent neurological deficits included 2 cases of hemiparesis, 1 of hemiplegia, 1 of aphasia, and 1 of vegetative state. All patients who died presented with a ruptured AVM and had poor findings on neurological examination upon presenting to the hospital prior to surgery. The characteristics and a detailed course of all patient mortalities are presented in Tables 4 and 5 .
Postoperative seizure was observed in 9 patients (3.4%). Postoperative ventriculoperitoneal shunt placement was necessary in 8 patients (3%). Five patients (1.9%) developed postoperative infections that resolved without further complications. Of the 144 patients who presented with unruptured AVM, 10 experienced minor neurological deficits (6.9%), 1 experienced permanent neurological deficits (0.69%), and 1 died (0.69%). Five patients (3.5%) experienced postoperative seizures, 2 required postoperative ventriculoperitoneal shunt placement (1.4%), and 1 patient had a postoperative infection (0.69%).
The majority of the treated unruptured AVMs were SM Grade III or lower, with 13 SM Grade I lesions (9.0%), 66 Grade II lesions (45.8%), and 50 Grade III lesions (34.8%). A total of 15 high-grade unruptured AVMs-13 Grade IV (9.0%) and 2 Grade V (1.4%)-received intervention. Most of the unruptured AVMs were less than 6 cm in size, with 78 lesions (29.5%) less than 3 cm and 62 lesions (23.5%) ranging from 3 to 6 cm in size. The mRS score at discharge was 0.074 for patients presenting with unruptured AVM and 1.22 in patients presenting with hemorrhage. When results were stratified, 5.7% of patients without embolization had a complication versus 9.4% of patients with 1 or more embolizations. In multivariate analysis, predictors of complications (Table 3) were increasing AVM size (OR 3.2, 95% CI 1.5-6.6; p = 0.001), increasing number of embolizations (OR 1.6, 95% CI 1.1-2.2; p = 0.01), and unruptured AVMs (OR 2.7, 95% CI 1-7.2; p = 0.05).
Seven patients (2.7%) who had undergone AVM embolization and 2 patients who had undergone Gamma Knife surgery experienced AVM rupture prior to microsurgical resection. The remaining course after surgery in these patients was without further complications. In all patients, microsurgical resection resulted in complete obliteration and cure of the AVM. Upon discharge, 228 patients (86.4%) had a favorable outcome (mRS score of 0-2). No patient had experienced hemorrhage after surgery. Of 264 patients, 244 (92.4%) remained neurologically unchanged postoperatively.
Discussion
Treatment of cerebral AVMs undoubtedly remains one of the biggest challenges in the field of cerebrovascular neurosurgery. Advantages of surgery include quick elimination of the AVM in the majority of cases and significantly decreased or essentially nil risk of future hemorrhage. 7 Furthermore, since the lesion is completely eliminated in the majority of cases, follow-up care is much less extensive than that required for less invasive treatment modalities.
Historically, surgical management of AVMs was reserved for patients with hemorrhagic presentation, intractable epilepsy, or progressively worsening neurological deficits. 22, 23 Early data, however, showed favorable results for surgical management of other AVM patients, such as those of Heros and Tu, 13 who reported rates of surgical morbidity and mortality of 14.2% and 0%, respectively, in 49 patients who presented with unruptured AVMs. Their results were equally favorable for 54 patients who pre- sented with ruptured AVMs (16.6% morbidity rate and 1.6% mortality rate). Furthermore, more data became available on the dismal natural history of AVMs if they were left untreated. 12, 15 This new information suggested that a critical threshold exists wherein operative benefit outweighs operative risk and changes the natural history of the disease in carefully selected patients. This threshold was recognized by Spetzler and Martin 22 and led to their creation of the most pertinent and effective grading scale for AVMs. It has been proven that this grading scale can be applied reliably to most AVMs with good agreement among observers. 8 We presented data on a large single-center series of patients who underwent microsurgical resection of AVMs. Microsurgery resulted in death or permanent neurological deficits in only 4.6% of patients. From the deaths in this series (Tables 4 and 5 ), we can glean several important clinical insights. First and foremost, the possibility of AVM rupture is one that should receive great weight in counseling patients on the decision of if, how, and when is best to treat the AVM. In our series, all patients except for 1 were age 55 years or younger, and the majority were free of any major comorbidities. More than half of the patients had an AVM with a size of 3 cm or greater. A multimodality, minimally invasive approach of embolization and radiosurgery may perhaps be a safer means of curing a large AVM if it is detected in a timely manner. However, as these deaths illustrate, there is risk in using embolization to reduce AVM flow instead of volume, with a resulting possibility of short-term postembolization hemorrhage. All deaths were in patients who presented with hemorrhage and underwent urgent surgery. Therefore, the deaths of these patients also stand to remind the neurosurgical community that AVM detection prior to rupture remains a challenge, and a possible direction of future research is to elucidate which patients may be identified as candidates to screen for a cerebral AVM.
Over 92% of patients remained neurologically unchanged postoperatively. Also, 86.4% of patients had favorable clinical outcomes at discharge. Larger and unruptured AVMs, increasing number of embolizations, and unruptured presentation were identified as predictors of complications from operative excision.
Unruptured AVM
In our series, an unruptured AVM prior to microsurgery was a statistically significant predictor of postoperative complications. This is in agreement with the findings of Lawton et al., 14 who used hemorrhagic presentation as a primary predictor variable in a consecutive series of 224 surgical AVM patients. In this group, hemorrhagic presentation was observed in 120 patients (54%) and was associated with improved outcomes. A total of 15 patients (6.7%) died. A key conclusion from their series is that hemorrhagic brain injury and its secondary effects may mask the surgical morbidity associated with microsurgery for AVMs. Sensitive measures of clinical outcomes, such as the mRS, are more likely to reveal slight changes in patients who initially were essentially without symptoms preoperatively.
14 Therefore, in counseling patients with no history of hemorrhage or baseline deficits, it is important to note that even subtle postoperative deficits can be easily detected by the patient and clinician.
The majority of our patients who received operative intervention in the context of an unruptured AVM had SM Grade I-III lesions and were deemed good candidates for microsurgery, wherein the benefits outweighed the risks. In light of our favorable results, operative intervention in patients with unruptured AVMs should be seriously considered at high-volume experienced centers. The patients who can benefit the most are those who are determined to be good candidates for surgery and those who have lesions with characteristics and angioarchitecture that put them at high risk for rupture.
Preoperative Embolization
In the present study, 102 patients (38.6%) had embolization procedures. Previous data highlight the favorable clinical outcomes of multimodality therapy for carefully selected patients. 3, 4, 6, 11, 19 Presurgical embolization can safely decrease the size of AVMs and decrease the apparent risk of rupture in high-risk lesions such as highflow aneurysms or remote fistulas. 28 Du and colleagues 9 have shown that diffuseness and deep perforating artery supply are subtle features of an AVM that predict worse outcomes after microsurgical resection, since deep perforators are friable, poorly visualized, and located in eloquent white matter tracts. 9 Therefore, for microsurgery candidates, embolization is especially beneficial for elimination of deep feeding vessels. Furthermore, it is an important means by which operative blood loss can be greatly minimized. 24, 25 Despite the benefits of embolization, an increasing number of embolizations serve as a predictor of postoper- ative complications, and the current data suggest the existence of a safety threshold for the number of embolization procedures. In the present series, patients who received embolization prior to surgery were initially deemed as high-risk candidates for open resection. Furthermore, it is possible that the patients receiving multiple embolization treatments were originally planned for curative treatment by a different modality, such as stereotactic radiosurgery. However, it was only after the course of successful and subsequent embolization that the patients could be reassessed and regarded as good surgical candidates with apparently small peri-and postoperative risk profiles. These findings are in line with those of Nataraj et al., 19 who reported favorable outcomes in 86% of patients who underwent embolization and subsequent microsurgical resection versus 96.5% in those who underwent microsurgical resection alone. 19 From the experience with the present series of patients, there are a few scenarios that make presurgical embolization potentially risky. First, there is the possibility of decreasing the flow too much in one area, resulting in increased flow in other areas of the nidus and/or cerebral vasculature. Second, diminishing venous outflow from embolization could cause AVM rupture. While embolization was a negative predictor of outcome in this series of patients, it was also likely a marker of patients with more complicated AVM angioarchitecture, which cannot be quantified or accounted for in a retrospective case series.
AVM Size
The present series was composed primarily of AVMs ranging from small to medium in size, and such lesions are known to be good candidates for microsurgical management. 18, 22 This assessment is supported by the fact that Stüer and colleagues 26 have shown that in patients harboring small-and medium-sized AVMs, dynamic autoregulatory function seems to be intact in the surrounding cerebrovascular bed perioperatively. 26 Larger AVMs are also more likely to have more draining veins, which have also been shown to put a patient at risk for postoperative breakthrough complications. 21 AVMs of SM Grade III or higher accounted for the majority of the complications noted in our series. Importantly, AVM size was a strong independent predictor of surgical complications. This finding emphasizes the importance of AVM size for stratification of surgical risk. More data on microsurgery treatment in a larger group of cases with high SM grade are needed to elucidate specific components of the SM grading scale that can predict favorable operative outcomes in high-grade lesions. For giant cerebral AVMs located superficially or not involving critical components, resection can be expected to yield a good outcome. 30 However, microsurgery of Grade IV-V AVMs based on the SM grading scale should be considered experimental. For these lesions, multimodality therapy may be considered an option that could provide more favorable outcomes. 3, 4 Microsurgery and the ARUBA Trial Earlier this year, the ARUBA trial 17 was published and the investigators reached a conclusion that medical management is superior to any intervention (microsurgery, embolization, or radiosurgery) in terms of patient outcomes. Such a study on the topic of AVMs has been long overdue, and we acknowledge the efforts of the authors. In the intervention group of the ARUBA trial, 17 5 patients were treated with neurosurgical procedures, 30 with embolization, 31 with radiotherapy, and 28 with multimodality therapy. 17 The majority of patients in the ARUBA trial 17 treatment arm received noninvasive and nonneurosurgical treatments (embolization and/or radiosurgery), neither of which is recognized by the neurosurgical community as a "cure" for AVMs in the truest sense of the word. In their eloquent response to the ARUBA trial, Russin and Spetzler 20 noted that it remains difficult to resolve why only 5 patients received resection alone when 76 patients in the treatment arm had Grade I or II AVMs. 20 Our data surpassed the results achieved in the interventional arm of the ARUBA trial. 17 We demonstrated that with modern-day techniques and approaches, microsurgery can be undertaken with extremely low complication rates and provide excellent outcomes for patients. As such, we challenge the results of the ARUBA trial, 17 wherein only 5 patients in the treatment arm received microsurgery, which is the only treatment that enables immediate cure and elimination of the lesion. The data we present are encouraging, and the presented outcomes are what should be expected at any high-volume neurovascular center. A trial comparing microsurgery and medical management is necessary to begin exploring the unanswered questions and clinical discrepancies raised by the ARUBA trial. 17 
Limitations
Key limiting factors of this study include the retrospective data analysis, single-center study, and recall bias. We recognize that our current results reflect those that should be expected from a high-volume neurovascular center.
Conclusions
Rapid advances in neurosurgical technical skills and tools, and the evolution from traditional surgery to microsurgery, have revolutionized the role of surgical intervention for AVMs.
